Although much has been learned about short noncoding RNAs, long noncoding transcripts are largely uncharacterized. Here, we describe Caenorhabditis elegans rncs-1, a highly base-paired, 800-nucleotide noncoding RNA expressed in hypodermis and intestine. Transcription of rncs-1 is modulated in response to food supply. Although highly double-stranded, we show that rncs-1 RNA is not a substrate for Dicer because of branched structures at its termini. However, rncs-1 RNA inhibits Dicer cleavage of a second dsRNA in vitro, presumably by competition. We validate this observation in vivo by demonstrating that mRNA levels of several Dicer-regulated genes vary with changes in rncs-1 expression. Certain viruses express dsRNA to compete with cellular dsRNA-mediated pathways, and our data suggest that rncs-1 provides a cellular correlate of this phenomenon.
W
ith a growing number of genomes sequenced, it is clear that an increase in organismal complexity is not explained by an increase in protein-coding genes. The genome of the Ϸ1,000-cell nematode Caenorhabditis elegans contains Ϸ20,000 protein-coding genes, an only slightly smaller number than the 22,000 genes predicted for humans (1) . Certainly, posttranscriptional processes such as RNA splicing and editing account for some of this discrepancy. Another solution to this paradox lies in the nonprotein-coding transcripts produced from genomes. Although protein-coding sequences encompass 26 Mb of the C. elegans genome, an additional 33 Mb of transcripts are noncoding. In contrast, the 34 Mb of human coding sequence are dwarfed by the 1,600 Mb of noncoding transcription products (2) . Noncoding RNA (ncRNA) is implicated in a variety of functions that include dosage compensation, chromatin remodeling and epigenetic imprinting, modulation of transcription and translation, regulation of RNA splicing and editing, and stress response (3) . However, in light of the immense repertoire of noncoding transcripts in complex organisms, our knowledge of ncRNA is merely anecdotal.
Recent large-scale approaches have caused the number of ncRNAs to surge from a handful of known transcripts to thousands of candidates (4, 5) . Yet, experimental design usually restricted searches to a size range or to binding partners of known proteins. In addition, reverse transcription techniques used for cloning noncoding transcripts are biased against long, highly structured ncRNAs, and such transcripts are likely underrepresented in the current catalog of ncRNAs.
Previous studies of our laboratory used a biochemical approach to identify polyadenylated C. elegans and human transcripts that are substrates of adenosine deaminases that act on RNA (ADARs), editing enzymes that introduce adenosine to inosine changes in double-stranded regions of RNA (6, 7) . This work revealed extended double-stranded regions in noncoding sequences of mRNAs (UTRs and introns) and in completely noncoding transcripts. One of the C. elegans ADAR substrates is the product of the F55A4.9 gene ( Fig. 1 A and B) . This highly structured 800-nucleotide (nt) transcript, referred to as rncs-1 (RNA noncoding, starvation up-regulated), is spliced and polyadenylated but does not contain a functional ORF and is not found on polysomes (7) .
Intrigued by the unique nature of the rncs-1 transcript, we studied its expression, regulation, and function. We find that rncs-1 transcription is regulated by environmental signals. Importantly, our data suggest that the double-stranded structure of rncs-1 allows it to modulate expression of Dicer-regulated genes.
Results

rncs-1 Is Expressed in Intestine and Hypodermis and Enriched in Males.
C. elegans develop from embryo through four larval stages (L1-L4) into adults. Postembryonic development depends on the presence of food, and worms arrest at the beginning of L1 under starved conditions (L1 arrest). Further, lack of food and high culture density in early development prompt entry into an alternative larval form called dauer. To study rncs-1 expression, we isolated total RNA from synchronized cultures at each developmental stage and from arrested L1s and dauer larvae from starved and crowded liquid culture. Northern blot analysis revealed an RNA species of Ϸ800 nt (Fig. 1C) . The transcript was present at constant levels in embryos, larvae, and adults but increased in arrested L1 worms and dauers.
To investigate the spatial expression of rncs-1, we injected P rncs-1 ::GFP, a reporter with Ϸ2 kb of putative rncs-1 regulatory and promoter sequences driving expression of green fluorescent protein ( Fig. 1 A) , into wild-type (N2) worms. GFP expression initiated in the early gastrula (data not shown). We observed robust expression of P rncs-1 ::GFP in the midgut (E cell lineage) starting at the 28-cell stage and continuing into adulthood ( Fig.  1 D-F) . By the comma stage (Fig. 1D) , fluorescence was also visible in the embryo periphery in cells that give rise to hypodermis. In L1 larva and subsequent stages, we observed strong expression of GFP in hypodermal cells, including Hyp 7 syncytium and head and tail hypodermis. The expression pattern was identical in hermaphrodites and males, but adult hermaphrodites displayed fluorescence in vulval epithelium. Expression was absent in seam cells, nervous system, and pharynx. As described below, like rncs-1, the P rncs-1 ::GFP reporter showed increased expression during starvation. Although fluorescence intensity was enhanced under starved conditions, the spatial expression pattern was unchanged.
Expression of the P rncs-1 ::GFP transgene was also enhanced in males. We observed an Ϸ2.5-fold increase in rncs-1 expression in total RNA prepared from wild-type, well fed males, compared with hermaphrodites ( Fig. 1 G and H) . In contrast, differences in mRNA levels were not observed for mRNAs of let-413 and eps-8, intestinal genes involved in midgut formation and maintenance (8, 9) (Fig. 1H) .
rncs-1 Transcription Is Regulated by Food Supply. To determine whether the increase in rncs-1 levels in arrested L1 and dauer larvae was a response to lack of food, we removed food from cultures of L4 worms and harvested worms for RNA isolation over 2 days. We observed an Ϸ3-fold induction of rncs-1 levels over unstarved controls in as little as 1 h of starvation [ Fig. 2 A and B and supporting information (SI) Fig. S1 ]. After 10 h, rncs-1 RNA reached a maximum of Ϸ6-fold enrichment, and this level was maintained for the 48-h starvation period. After 48 h of starvation, food was reintroduced, and within 6 h rncs-1 levels decreased to baseline. Unlike rncs-1, the general population of polyadenylated RNA did not increase in the absence of food (Fig. 2B, dashed line) .
The C. elegans dauer is a nonfeeding stage, and entry into dauer is mediated by sensory integration of two environmental cues: lack of food and abundance of dauer pheromone (daumone). High levels of daumone in the medium, indicative of high population density, prompt entry into dauer despite sufficient food (10) . We took advantage of the different pathways to dauer to investigate whether rncs-1 was elevated because of absence of food in the medium or lack of food in the digestive tract. When RNA was isolated from dauer larvae purified from exhausted liquid culture, where starvation conditions and high pheromone levels existed, we observed increased levels of rncs-1 compared with L3 worms (Fig. 2C) . However, in samples where dauer formation was initiated on agar plates containing high levels of daumone but also sufficient food, no increase was detected. The oral orifices of dauer animals are plugged so they cannot feed. Thus, regulation of rncs-1 occurs in response to the presence or absence of food in the environment but does not require actual food uptake.
To investigate whether rncs-1 RNA increased during starvation because of posttranscriptional stabilization of the transcript, or transcriptional up-regulation, wild-type animals carrying the P rncs-1 ::GFP reporter were subjected to a starvation time course. Using RNA isolated at various times of starvation and after refeeding, we compared GFP mRNA levels with endogenous rncs-1 levels by Northern blot analyses. Consistent with the enhanced f luorescence observed in starved worms carrying the P rncs-1 ::GFP transgene, induction of GFP under control of the putative rncs-1 promoter paralleled the regulation of genomic rncs-1 (Fig. 2D) . Northern blot for rncs-1 in RNA of wild-type L4 larvae starved for indicated times and then reintroduced to food for several hours (48-h starved, 1-to 6-h fed); 18S rRNA, loading control. (B) Quantified Northern blot data for two independent cohorts of worms. Black diamonds/solid line, rncs-1 RNA; white squares/dashed line, total polyadenylated RNA detected by an oligo(dT) probe; black arrowhead, time of food addition; error bars, SEM. Transcript levels were normalized to 18S rRNA and are shown relative to unstarved 0-h sample. The possibility that the increase in rncs-1 levels compared with rRNA was caused by reduction of total RNA during starvation was excluded by measuring total RNA yield per worm in a starvation time course (Fig. S1 ). (C) Comparison of rncs-1 levels in well fed L3 larvae (L3), dauer larvae isolated from starved and overcrowded liquid culture (dau), and dauer larvae grown with food on dauer pheromone-rich plates (dau-ph). (D) Northern blot of GFP mRNA and rncs-1 in RNA from wild-type worms carrying the Prncs-1::GFP transgene that were subjected to a starvation/feeding time course; 18S rRNA, loading control.
Although these experiments do not rule out a component of regulation at the level of RNA stability, they indicate that upstream regulatory and promoter sequences likely contribute to regulation of rncs-1 in response to food supply. In fact, the upstream regulatory sequence of rncs-1 contains seven motifs with the (A/T)GATA(A/G) consensus recognized by GATA transcription factors, including three extended GATA consensus sites often found in C. elegans intestinal genes ( Fig. S2 A) (11) . Indeed, starved animals in which the mRNA coding for the intestinal GATA factor ELT-2 was targeted by RNAi showed a significantly weaker induction of rncs-1 (Ϸ2.5-fold compared with Ϸ7-fold) (Fig. S2 B and C) .
Terminal Branched Structures Protect rncs-1 RNA from Processing by
Dicer. dsRNA, when introduced into C. elegans, is cleaved by the RNase III enzyme Dicer into Ϸ23-nt small interfering RNAs (siRNAs). The rncs-1 secondary structure contains an almost perfectly double-stranded helix of Ϸ300 bp (Fig. 1B) , suggesting that rncs-1 RNA may be a substrate for Dicer. Although C. elegans Dicer has not been purified in an active form, Dicer activity can be assayed by incubating 32 P-labeled dsRNA in embryo extracts (12) . We used this assay to test whether siRNAs are generated from rncs-1 RNA in vitro (Fig. 3 ). When 32 Plabeled rncs-1 RNA was incubated in extract, no small RNAs were observed (Fig. 3B, lane 1) ; the absence of detectable siRNAs persisted over multiple reaction times and RNA and extract concentrations ( Fig. S3A ; data not shown).
Human Dicer cleaves dsRNA more efficiently from its termini (13), and we speculated that the branched structures flanking the central RNA helix of rncs-1 hindered processing. We synthesized rncs-1 derivatives lacking one or both terminal structures (Fig.  3A , substrates 2-4) and a substrate consisting of the rncs-1 helix with all mismatches repaired, which served as a positive control (Fig. 3A, substrate 5) . Incubation of rncs-1 derivatives in extract produced siRNAs when at least one helix terminus was bluntended (Fig. 3B, lanes 2-5) . This indicated that the terminal branched structures of rncs-1 protect it from cleavage by Dicer in vitro; because both termini provided protection, yet were different sequences, protection was not caused by a specific sequence. Northern blot analyses of RNA isolated from adult C. elegans showed similar levels of rncs-1 in wild-type, dcr-1(ok247), and rde-4(ne299) animals (Fig. S3B) . These mutant strains are incapable of siRNA production (14, 15) , and thus, consistent with our in vitro studies, under these conditions rncs-1 is not a substrate for Dicer in vivo.
rncs-1 RNA Inhibits Dicer Cleavage in trans. C. elegans siRNA production involves at least two dsRNA-binding proteins (dsRBPs), Dicer (15) and RDE-4 (16, 17) . dsRBPs are not sequence-specific, and although rncs-1 was not cleaved by Dicer, we wondered whether it could bind Dicer and/or RDE-4 to sequester these factors and inhibit cleavage of another dsRNA, in trans. We added increasing amounts of unlabeled rncs-1 to extract containing a 32 P-labeled 300-bp dsRNA substrate. As expected, the [ 32 P]dsRNA gave rise to siRNAs (Fig. 3C, Ϫ lane) . However, when extract was preincubated with rncs-1, [ 32 P]siRNA decreased, beginning at 5-to 10-fold molar excess ( Fig. 3 C and D) . Thus, rncs-1 RNA inhibits production of siRNAs in vitro, presumably by competing with dsRNA substrate for binding to Dicer or RDE-4; indeed, as proof of principle, we confirmed that rncs-1 can bind RDE-4 in vitro (Fig. S3C) . Inhibition of Dicer activity depended on the presence of the duplex region of rncs-1 but was independent of its branched terminal structures (Fig. S3D) . Although the in vivo role of the terminal structures is unclear, possibly they evolved to prevent spurious siRNA formation.
Analysis of rncs-1 Deletion and Overexpressing Lines.
In hopes of understanding the in vivo role of rncs-1 we analyzed a deletion strain [rncs-1(tm1632); Fig. 1 A] , and transgenic lines overexpressing rncs-1 in a rncs-1(tm1632) or wild-type background. All animals appeared healthy. Because rncs-1 is induced during starvation, we assayed survival during starvation and dauer formation (data not shown). rncs-1(tm1632) and overexpressing lines were indistinguishable from wild-type animals in these assays.
We noticed that overexpressing lines had an increased frequency of males among hermaphrodite self-progeny. To quantify this defect, for each strain tested, 500-1,000 L4 hermaphrodites were transferred to a separate plate and grown to day 1 of adulthood. Progeny were isolated by hypochlorite treatment and synchronized by hatching without food overnight, and hermaphrodites and males were counted at the adult stage. When rncs-1 was overexpressed in the mutant or wild-type background, male frequency was significantly increased (8-to 15-fold; P Ͻ 0.0001; Table 1 ). Occurrence of males (XO genotype) in offspring of virgin hermaphrodites (XX) results from X chromosome nondisjunction; males in overexpressing lines had XO genotypes, producing Ϸ50% male offspring when mated to XX hermaphrodites (data not shown). Male frequency in rncs-1(tm1632) and wild-type worms was similar (0.041 and 0.042%, respectively), but in this case counting the number of animals (500,000) necessary to confirm a statistically significant difference was infeasible. Similarly, we reasoned that up-regulation of rncs-1 during starvation might lead to an increased frequency of males, but the low levels of progeny in starved worms hindered our ability to obtain statistically significant numbers.
Expression of Dicer-Regulated Genes Depends on rncs-1 Levels. Because rncs-1 inhibits Dicer in vitro, we wondered whether it could exert this function in vivo, and we used our rncs-1 mutant and overexpressing lines to test this idea. We first searched for Dicer-regulated genes with altered expression in rncs-1(tm1632) animals. Our laboratory recently used microarray analyses to identify genes whose mRNA levels are Dicer-dependent (18) . We chose 18 genes from these datasets with a predicted or confirmed expression pattern similar to that of rncs-1 and used quantitative RT-PCR (qRT-PCR) to compare their expression in wild-type and rncs-1(tm1632) animals. If rncs-1 antagonizes Dicer activity in vivo, genes normally silenced by Dicer would show a further decrease in expression in an rncs-1-deficient background, and we identified five genes with this property (Fig.  4A) . Reduction in mRNA levels varied from Ϸ50% (F53A9.2), to Ϸ10% (T07C5.1). Dicer-dependent silencing of F35D11.3 was not further enhanced in the rncs-1(tm1632) mutant, and this gene was included as a negative control.
There were many possible explanations for the decreased expression of Dicer-regulated genes in rncs-1(tm1632) animals. However, if rncs-1 was truly competing with endogenous dsRNA [i.e., precursors of siRNA or microRNA (miRNA)] for binding to Dicer, animals overexpressing rncs-1 should show increased expression of Dicer-regulated genes. Indeed, genes with reduced mRNA levels in the rncs-1(tm1632) mutant had increased mRNA levels when rncs-1 was overexpressed (ϩ, Fig. 4B ).
qRT-PCR analyses verified that Dicer mRNA levels were unchanged in these strains (data not shown).
For each gene, we also quantified mRNA levels in dcr-1(ok247) mutant animals. We then compared how much wild-type mRNA levels were altered in dcr-1(ok247) animals with how much they were altered in rncs-1(tm1632) and overexpressing strains (Fig. 4C) . For the five Dicer-regulated genes we observed a broad range in regard to how much the wild-type expression level was altered in dcr-1(ok247) knockout animals (circles), in rncs-1(tm1632) knockout animals (squares), and in rncs-1-overexpressing lines (triangles). Interestingly, the magnitude of response for a given gene in one strain correlated with its response in other strains (Fig. 4C) . For example, in each strain, F53A9.2 showed the greatest change, C30F12.6 showed an intermediate response, and T07C5.1 was least affected. The characteristic way in which each gene responded in the various strains suggested that the same property of the gene was being interrogated in each case. It seems likely that this property is the relative amount of mRNA associated with each gene, compared with the dsRNA involved in its silencing (see Discussion).
F53A9.2 expression was most sensitive to changes in Dicer and rncs-1 (Fig. 4C) , and for this gene, but not others, mRNA levels were also increased by the P rncs-1 ::GFP transgene. We found that this transgene, as often observed in repetitive, trangenic arrays (19) , produces both sense and antisense transcripts (Fig. S4) . Analysis of additional transgenic strains showed a correlation with F53A9.2 expression and the amount of dsRNA synthesized by the transgenic array and verified that the effect of dsRNA on F53A9.2 was independent of sequence ( Fig. S5) .
Northern blot analyses revealed a 16-to 19-fold increase in rncs-1 in overexpressing lines compared with wild type (Fig.  S4A) , the same order of magnitude as the 6-fold increase in rncs-1 that occurs during starvation (Fig. 2B) . Further, from qRT-PCR assays of mRNA from the Dicer-regulated genes we estimate rncs-1 is 14-to 125-fold more abundant in unstarved animals (SI Materials and Methods). If dsRNA involved in silencing these genes was equimolar to the mRNA, rncs-1 would be present at an excess similar to that which showed competition in vitro (Fig. 3D) . However, in repeated assays, we did not observe a simple up-regulation of Dicer-regulated genes under starved conditions. Instead, expression of rncs-1-sensitive genes showed a large degree of fluctuation during starved conditions. (C) Fold change in mRNA level compared with wild-type is plotted for dcr-1(ok247) (circles), rncs-1(tm1632) (squares), and wild-type animals overexpressing rncs-1 (triangles). Data for dcr-1(ok247) are the average of qRT-PCR values for three or four independent samples. P Ͻ 0.001 for all genes (compared with wild type) except T07C5.1 (P Ͻ 0.05) and F35D11.3 (P Ͻ 0.01).
Starvation initiates many events, in addition to up-regulation of rncs-1, that presumably are responding to subtle differences between experiments, despite our careful attempts to maintain constancy.
siRNAs Are Reduced by rncs-1 Overexpression. If the change in expression of Dicer-regulated genes in response to changes in rncs-1 levels was caused by inhibition of Dicer by rncs-1, we should also see changes in levels of small RNAs that were Dicer products. Indeed, using sense-oriented DNA oligonucleotide probes (to detect antisense RNA), we detected small RNAs complementary to F53A9.2 and C30F12.6 (black arrowheads, Fig. 5 A and B) . dcr-1(ok247) animals are sterile, and because homozygous animals are isolated from F1 progeny of heterozygous mothers, they contain some maternal Dicer. Thus, as expected, small RNAs were reduced but not eliminated in this strain (Fig. 5A) .
Previous assays of miRNAs in dcr-1(ok247)
show that reduction in the Ϸ23-nt miRNA correlates with an accumulation of the pre-miRNA (20) . C30F12.6 reduction of small RNAs in dcr-1(ok247) coincided with appearance of a Ϸ65-nt band reminiscent of a pre-miRNA (white arrowheads, Fig. 5 A and B) . Although future studies will be necessary to delineate the role of Dicer in regulating the C30F12.6 and F53A9.2 genes, possibly the former is regulated by a miRNA and the latter an siRNA. Consistent with our competition model, F53A9.2 and C30F12.6 small RNAs were reduced in strains overexpressing rncs-1 (Fig. 5 B and C) . Reduction in small RNAs correlated with the increase in mRNA (Fig. 4B and Fig. S6 A and B) . Previous studies suggest that small RNAs act catalytically, and this finding agrees with our data. In the N2(ϩ) strain, F53A9.2 mRNA levels increased Ϸ12-fold in response to a 2-fold decrease in small RNA levels ( Figs. 4B and 5C; Fig. S6A ). Thus, it is not surprising that small RNAs of C30F12.6 changed only slightly upon rncs-1 overexpression (Ϸ20%, Fig. 5 B and C) because a very moderate up-regulation of its mRNA occurred (1.5-to 3.5-fold; Fig. 4B ). We did not detect changes in small RNAs in the rncs-1(tm1632) mutant (data not shown), likely because of limited sensitivity of the Northern blot analysis.
Discussion rncs-1 is a ncRNA whose double-stranded structure is unprecedented among characterized ncRNAs. Changes in rncs-1 expression lead to changes in expression of several Dicer-regulated genes, suggesting that rncs-1 binds to Dicer or accessory dsRBPs to compete with endogenous dsRNA involved in silencing. Although rncs-1 now provides an example of a cellular RNA that modulates activity of a dsRBP, viruses have long been known to employ such strategies (21-23).
What Is Important for Modulating Expression of Dicer-Regulated
Genes? Both C. elegans and Homo sapiens encode only a single Dicer, but the enzyme is responsible for regulating expression of numerous genes. How Dicer coordinates precise expression of many genes is entirely unexplored, and our data provide clues in this regard. The Dicer-regulated genes we analyzed showed a broad range in sensitivity to changes in rncs-1 expression or the deletion of the dcr-1 gene [dcr-1(ok247); Fig. 4 ]. Yet, the magnitude of response observed for a given gene under one condition correlated with the magnitude of its response in other conditions (Fig. 4C) .
Genes showing a large change in expression in dcr-1(ok247) animals showed large changes when the levels of rncs-1 were altered. Our data suggest that Dicer is limiting compared with its dsRNA substrates (siRNA or miRNA precursors), and for a given gene, the amount of dsRNA substrate relative to the cognate mRNA differs. High mRNA levels that correlate with equally high levels of dsRNA would be very sensitive to the loss of DCR-1 but relatively insensitive to rncs-1 levels because it would be hard to compete with the high levels of dsRNA substrate. However, high mRNA levels associated with much less than equimolar dsRNA would show only a small increase in dcr-1(ok247) animals, but the low level of silencing would be very sensitive to rncs-1 levels. A gene that gives rise to low levels of mRNA but equimolar amounts of dsRNA would be very sensitive to the loss of Dicer, and sensitive to changes in rncs-1. This latter scenario correlates with the F53A9.2 gene we analyzed, and in fact, this gene is associated with very low levels of mRNA (SI Materials and Methods). These considerations may explain why only a subset of the Dicer-regulated genes we assayed were affected by rncs-1 levels and why processing of the abundant lin-4 miRNA is not altered by rncs-1 overexpression (Fig. S6C) .
What Is the Biologic Role of rncs-1? We observed a decrease in mRNA levels of several Dicer-regulated genes in the rncs-1(tm1632) mutant compared with wild type. Thus, rncs-1 modulates expression of these genes in vivo. However, as yet, we have not observed a physiological phenotype in rncs-1(tm1632) animals that correlates with this molecular phenotype. We did, however, observe an increased frequency of males in rncs-1-overexpressing lines. The low numbers of progeny in starved animals precluded our efforts to determine whether increased levels of rncs-1 during starvation also leads to increased male progeny. However, initiation of genetic exchange by switching from asexual to sexual reproduction is a common strategy for adaptation to challenging environments (24) , and it remains possible that rncs-1 is involved in such a strategy. In this regard, rncs-1 may reiterate a theme of ncRNAs, many of which relate to stress (3) .
rncs-1 functions are mediated by its structure rather than its sequence, so it is not surprising that sequence searches have not revealed homologs. Here, rncs-1 is similar to other long ncRNAs, including essential transcripts like mammalian Xist, that for Fig. 4 . (C) Multiple analyses as in A and B were quantified to show small RNA levels in various strains relative to wild type. Results were normalized to U6 (F53A9.2: n ϭ 2 for dcr-1, n ϭ 4 for other strains; C30F12.6: n ϭ unknown reasons are poorly conserved in sequence, even in closely related species (25) . Although the sequence of rncs-1 is unique and not repeat-derived, inverted DNA repeats with extensively base-paired stems are recombinogenic and cause genome instability (26) . This could explain the absence of an identifiable rncs-1 homolog in Caenorhabditis briggsae and Caenorhabditis remanei, species closely related to C. elegans. Indeed, in C. briggsae and C. remanei the region of the X chromosome syntenic with the rncs-1 neighborhood underwent an inversion, with a putative breakpoint close to rncs-1. The fact that C. elegans has retained an unstable element in its genome hints at a selective advantage provided by rncs-1.
Materials and Methods
Strain designation, cloning of rncs-1, and construction of transcription templates are described in SI Materials and Methods.
Strains and Culture. C. elegans strains were grown under standard conditions (27) : rncs-1(tm1632) was backcrossed six times to generate BB15 (SI Materials and Methods). Arrested L1 were harvested after hatching embryos in M9 for 16 -24 h. Males were picked to Ϸ99% purity from progeny of male-fertilized hermaphrodites.
For starvation time courses, L4 from well fed liquid culture (Fig. 2 A) or plates ( Fig. 2D) were starved in M9.
Dauer larvae were harvested from liquid culture grown to high density/ food exhaustion, by treatment with 1% SDS (28) . Pheromone plates were seeded with Escherichia coli OP50 and contained sufficient partially purified daumone to induce Ϸ100% dauer formation in N2 at 20°C. Adults placed on each plate laid eggs for 8 h before removal. After 3 days, progeny that entered dauer were harvested.
Transgenics. For the Prncs-1::GFP reporter, Ϸ2,000 bp of upstream sequences of genomic rncs-1 ( Fig. 1 A, promoter) were inserted into the multiple cloning site of pPD49.26. Plasmid was injected into N2 worms. Lines overexpressing rncs-1 were produced by injecting a Ϸ3,400-bp PCR product (Fig. 1 A, rescue) into rncs-1(tm1632) along with Prncs-1::GFP reporter to generate BB17 or with pRF4 into N2 to generate BB18 (Figs. 4 and 5) . Excess nonspecific DNA (1-kb ladder; Invitrogen) was coinjected.
Northern Blot Analysis and RT-PCR. For nonintegrated lines, Ϸ99% pure transgenic populations were handpicked. dcr-1(ok247);unc-32(e189) homozygotes were sorted based on coiling phenotype (18) .
Total RNA was isolated by using TRIzol (Invitrogen) and used directly for Northern blotting. For RT-PCR, RNA was treated with TURBO DNase (Ambion) followed by RNeasy chromatography (Qiagen). For Northern blot analyses to detect siRNA and miRNA, RNA was size-selected (mirVana miRNA isolation kit; Ambion).
Northern blot analyses were performed with standard protocols for 1% formaldehyde-agarose gel electrophoresis and nylon membrane blotting. rncs-1 probe (nucleotides 323-442 of cDNA, not edited by ADAR) was prepared by in vitro transcription (Strip-EZ T7 kit; Ambion). ULTRAhyb buffer (Ambion) was used for Northern blot analyses of rncs-1 or 18S. Polyadenylated RNA quantified in Fig. 2B was detected with 32 P-labeled (dT)30 (29) .
Northern blot analyses of small RNA were as published in ref. 30 . To increase sensitivity, some Northern blotting was performed with carbodiimidemediated cross-linking (31) . Probes used to detect F53A9.2 and C30F12.6 siRNAs are shown in Table S1 .
For qRT-PCR, 1 g of total RNA was reverse-transcribed with SuperScript II reverse transcriptase and oligo(dT) primers (Invitrogen). Samples were treated with RNase H (New England Biolabs) and diluted 4-fold with ddH 2O. Five microliters of cDNA was used per PCR in a LightCycler 2.0 instrument with the LightCycler FastStart DNA Master PLUS SYBR Green I kit (Roche). Primer pairs spanned at least one exon-exon junction and produced products of 150 -300 bp.
In Vitro Transcription. Internally 32 P-labeled RNA was transcribed with T7 RNA polymerase (32) and purified from a 4% denaturing polyacrylamide gel. Duplex RNAs were annealed as described in ref. 17 and purified from a 5% native gel. Unlabeled rncs-1 RNA was prepared similarly, with modifications to improve yield.
In Vitro Dicer Activity Assay. Extract preparation and Dicer activity assays were as described in ref. 17 , but for competition assays glycerol was 20%, and extract was cleared by centrifugation (100,000 ϫ g; 60 min). Dicer assays (20 l) contained 50 g of total protein and 10 nM labeled RNA. Reactions with rncs-1 as inhibitor were preincubated (5 min; 20°C) with unlabeled rncs-1 before adding labeled 300-bp unc-22 dsRNA.
